We discuss a class of models in which CP is violated softly in a heavy sector adjoined to the standard model. Heavy-sector loops produce the observed CP violation in kaon physics, thus yielding a tiny and probably undetectable value for ǫ ′ . All other CPviolating parameters in the effective low-energy standard model, including the area of the unitarity triangle and θ, are finite, calculable and can be made very small. These models offer a natural realization of superweak CP violation and can resolve the strong CP puzzle.
Introduction
We examine the old idea of superweak CP violation [1] from the modern perspective of naturalness. Superweak look-alike models are easy to make: for example, by introducing a second SU(2)-doublet spinless field β, like the Higgs doublet but without a vacuum expectation value. When the couplings of the ordinary Higgs are real but those of β are complex, the exchange of a virtual β is the sole source of CP violation. If its couplings are so tiny that these interactions are negligible except in the neutral K mass matrix, we obtain an effectively superweak model.
However, models of this ilk are hideously unnatural. There is no symmetry to keep the Yukawa couplings of the Higgs boson real. Physically meaningful quantities like the area of the unitarity triangle, or equivalently the Jarlskog J parameter [2] , receive infinite contributions from quantum loop effects. A free parameter of the theory -the complex phase in the Kobayashi-Maskawa (KM) matrix -has been set to zero without any justification. We shall describe a class of superweak models that is free of this affliction, and as well, of a strong CP problem [3] .
In our models, CP is violated softly in a heavy sector adjoined to an otherwise standard and CP-conserving standard model [4] . 1 The low-energy sector consists solely of the three fermion families, the SU(3)×SU(2)×U(1) gauge bosons, and one relic Higgs boson. Because CP violation is soft, the dimension-4 interactions in the model are naturally real. The only CP-violating phase appears in the mass matrix of the heavy sector. In particular, the KM matrix is real at tree level. CP-violating corrections to the dimension-4 couplings are generated by quantum loops involving the heavy sector, but they are finite and calculable functions of the renormalizable parameters of the model. Observed CP violation in the neutral kaon system arises from a dimension-6 interaction produced by a box diagram involving the heavy particles. Two other important parameters relevant to potentially observable CP-violating phenomena, the area of the unitarity triangle and the strong CP violating parameter θ, are both tiny for a wide choice of parameters: the former undetectable, the latter innocuous.
Ours are classic superweak models [1] where the only observable effect of the new interactions is its contribution to the CP-violating part of K 0 -K 0 mass mixing. This simple scheme is disfavored at the one-sigma level by current data on B decay. However, by choosing the couplings of the heavy sector to the third family larger than those to the first two families we can implement the "3 scenario" of Barbieri, Hall, Stocci and Weiner (BHSW) [5] . In that case, the superweak interactions can affect the neutral B-meson sector so as to fit the data better. We do not discuss this possibility here.
A Simple Model
We append two new and heavy particle species to the the standard model: two multiplets of one sort, ξ α , where α = 1 or 2, and one of another, χ. Only two properties of these particles must be specified:
1. CP is violated softly in the ξ mass matrix, i.e., by dimension-2 operators if ξ is a boson, or by dimension-3 operators if it is a fermion.
2. There are renormalizable Yukawa couplings by which ξ α and χ couple in pairs to the light left-handed quark doublets ψ L as in figure 1 , where:
V , the tree-level KM matrix, is real because of our assumption of soft CP violation. It follows that ξ is a spinless boson and χ a spin 1 2 fermion, or vice versa. We denote the Feynman amplitude for the coupling as f o iα , where i = d, s, b is a flavor index. An overall constant f sets the scale of the Yukawa couplings, and we will assume the components of o iα to be of order unity. 2 In this basis, the assumption of soft CP breaking requires o iα to be real. Soft CP violation in the ξ mass matrix leads to mass eigenstates Ξ y that are related to ξ α by a (complex) unitary transformation,
It is convenient to express the new interaction in terms of these mass eigenstates. This is illustrated in figure 2, in which we have defined
If the ξs are scalars, the field redefinition (2) can generate phases in their self-couplings. These do not affect low-energy physics directly, and their virtual effects inside heavy sector loops are generally small compared to the effects due to the complex parameters O iy . Thus, we analyze the CP violation arising exclusively from these parameters, which can be done without considering the details of the heavy sector physics. Arrows placed on the heavy sector lines in figure 1 and figure 2 represent the flow of a quantum number, "heaviness", associated with the heavy sector fields. The interactions of figure 1 and figure 2 conserve this quantum number. It could be that there are weaker interactions that violate heaviness, but we will not discuss these. If either Ξ x or χ are neutral Majorana particles, heaviness would only be conserved modulo 2. In these special cases (which we discuss separately) there are additional contributions to CP-violating effects. The arrows in figure 1 are important for another reason. In our analysis of the CP violation in these models, we will sometimes treat the x index on Ξ as an additional flavor. The structure of figure 2 is such that this generalized flavor flows along the solid line with the CP-violating coupling f O ix regarded as a matrix in flavor space. The superweak interaction arises from the box graph shown in figure 3 . The coefficient of the effective 4-fermion coupling produced by figure 3 at the scale M χ is of order:
where (j, k) = (d, s), (d, b), or (b, s) and where α f = f 2 /4π. I xy is an integral depending on m 2 Ξx /M 2 χ and m 2 Ξy /M 2 χ . If the dimensional parameters are the same order of magnitude, these mass ratios and I xy are of order unity. The details of the 4-fermion operator produced depend on the specific properties of ξ α and χ but all lead to flavor-changing neutral-current interactions. The 4-fermion operator from figure 3 is renormalized by QCD effects at lower energies. This renormalization is less than a factor of two in all circumstances we consider. It does not affect our order of magnitude estimates and will be ignored. Our models, as we shall demonstrate, are natural realizations of the superweak model. Thus the interaction corresponding to figure 3, with j = d and k = s (two incoming s quarks and two exiting d quarks), provides essentially all the observed CP violation in the neutral kaon system.
The area of the unitarity triangle
The CP-violating corrections to the renormalizable interactions of the low-energy standard model must be proven to be small if figure 3 is to be responsible for all observable CP violation in our model. In particular, radiative corrections will induce finite complex phases in the (initially real) KM matrix. Some of these phases can be removed by field redefinitions and do not represent real CP violation. But the area of the unitarity triangle,
is an invariant measure of the KM CP violation. In the standard model, and in the standard parameterization used in the particle data booklet, it is
. The leading contribution to A comes from the self-energy diagram in figure 1, whose CP-conserving part produces an irrelevant infinite renormalization of the real parameters of the theory. However, its CP-violating part is finite, calculable, and produces real physical effects. This contribution has the form
where C is a real, antisymmetric matrix in flavor space. Up to factors of order one (depending on the Ξ − χ mass ratios), it is
We must redefine the ψ L field to restore the canonical form of its kinetic energy. Hereafter we assume that α f (and hence C) is small. To lowest order in α f , the required field redefinition is:
The complex field redefinition, (9), also introduces phases into the quark mass matrices, and thus into the KM matrix. The Yukawa couplings that give rise to the tree level quark masses have the form
In terms of the redefined fields, these Yukawa couplings become
and lead to the radiatively-corrected mass terms:
where M D and M U are diagonal matrices. To lowest order, this field redefinition does not affect the quark mass eigenvalues, but it does change the KM matrix.
To estimate A we must determine the correction to V , the tree-level KM matrix. As a first step, we must diagonalize the mass-squared matrices of the left-handed quarks, which from (12) are:
where
These mass-squared matrices may be diagonalized by unitary transformations Again to order α f , the appropriate transformations are:
where F † = F and G † = G are real symmetric matrices. To lowest order in C they are:
for j = k and F jk = G jk = 0 otherwise. The KM matrix, corrected for the effect of figure 4, is:
We proceed to calculate the area of the unitarity triangle. If A were zero, all phases in the KM matrix could be removed by field redefinitions and there would be no CP violation from W exchange. If it were very small compared to its standard-model value, (6), i.e., if A ≪ |s 12 s 13 s 23 | ,
the remnant phase in the KM matrix would also be very small and CP violation from W exchange could be neglected. Explicit calculation to lowest order in C gives
where · · · indicate terms that are suppressed by additional factors of small quark mass ratios. The terms in (19) are proportional to elements of the matrix C. Each coefficient is suppressed relative to the right-hand side of (18), either by small quark mass ratios or because s 13 is the smallest of the KM angles. Thus the area of the unitarity model is tiny compared to its standard-model value unless α f ≥ 4π. We have succeeded in producing a model in which all CP violation from W exchange is naturally negligible.
Strong CP
The field redefinitions produced by CP violating self-energy diagrams like that in figure 4 do not induce a non-zero value of θ to any order in α f because they are necessarily hermitian in flavor space (they are associated with hermitian counter-terms in the Lagrangian). Therefore the determinant of the transformed mass matrix is real. This result applies to the field redefinitions produced by any self-energy diagram, however complex. Loop corrections to the Yukawa couplings can generate non-zero θ. However, we shall see that our models require a rather complicated flavor structure to produce a phase in the determinant of the quark mass matrix, so that the leading contributions to θ are very small. We shall identify the required flavor structure, then find and estimate those Feynman graphs giving the largest contribution.
We assume that the heavy sector masses are large compared to the TeV scale of electroweak symmetry breaking. Thus quark masses appearing in the denominators of Feynman integrals can be ignored, but explicit quark mass dependence arises from the Yukawa couplings (10) of the Higgs doublet φ which, in our models, are real at tree level. Suppose heavy sector loops were to produce a complex CP-violating contribution to the Yukawa couplings of the form:
The lowest-order contribution to the phase of the determinant of the quark masses from (20) is
Because some quark masses are small, the inverse quark mass matrices in (21) threaten to produce large phases. However, no such large effects occur in our model. The heavy-sector particles couple only to the left-handed quarks. The only couplings of the right-handed quarks are the Yukawa couplings of (10), which themselves are proportional to the quark mass matrices. Thus the inverse mass matrices in (21) are always canceled. 3 To simplify our study of the consequences of (21), we make use of the essential notion mentioned earlier, of x as a generalized flavor index that allows us to trace flavor through each Feynman diagram. Thus, for example, the graph in figure 4 is proportional to the hermitian flavor matrix O x O †
x . We first show that diagrams involving heavy sector loops, but no Higgs loops, do not contribute to θ. These diagrams do not involve quark mass matrices at all because the inverse mass matrix in (21) cancels the quark mass matrix from the Yukawa coupling. Because ∆θ is a trace in flavor space, the quark flavor indices are always summed over. Thus the trace is a product of objects of the following form:
where K 11 and K 22 are real and K 12 and K 21 are each other's complex conjugates. Because x flavor is conserved, x indices appear at each end of every x line: once as the first index of a K xy factor and once as the second. Thus the trace involves equal numbers of K 12 and K 21 factors and is necessarily real. Had we introduced three Ξs rather than two, figure 5 would give a non-zero contribution ∼ α 3 f α s /(4π) 4 proportional to the possibly-complex product K 12 K 23 K 31 . The gluon loop in figure 5 is necessary to produce a one-particle-irreducible contribution to the Yukawa coupling. 4
. Figure 5 : A contribution to the Yukawa coupling that could produce a contribution to θ were there more than two Ξs. To find a contribution to θ, we must consider diagrams involving two different non-trivial flavor structures. This is possible in the presence of Higgs loops that introduce quark massmatrix dependence. However, it is not enough to have one Higgs loop and one heavy sector loop. A Higgs loop like that shown in figure 6 produces a contribution with flavor structure:
while a Ξ loop like that shown in figure 4 has flavor structure:
for x = 1 or 2. Both are hermitian matrices so that the trace of their product is real. To have a complex trace, the diagram must involve the three independent hermitian matrices B, W 1 and W 2 . This structure arises from graphs with two Ξ loops, one Higgs loop, and a gluon loop to make them one-particle irreducible, like that shown in figure 7 . The largest contribution to θ from Feynman diagrams like that in figure 7 is of order Figure 7 : A contribution to the Yukawa coupling that produces a non-zero θ.
Numbers
The ratio α f /M χ is determined by the requirement that the graph in figure 3 reproduces the observed CP violation observed in neutral kaons. We set equal the contribution from the four-fermion operator d L γ µ s L d L γ µ s L with coefficient (4) and the product ǫ∆m K , where ǫ ≈ 2 × 10 −3 and ∆m K ≈ 3.52 × 10 −15 GeV. To evaluate the contribution from the fourfermion operator, we use the vacuum insertion approximation, not because we believe it, but because it is simple and likely to yield the correct order of magnitude. We find:
number associated with the Majorana particles is no longer conserved and new classes of diagrams must be considered. If χ is the Majorana fermion, it does not change our estimates in any important way because it does not change the way that flavor flows through the diagrams. The basic flavor backbone of the quark and Ξ lines is unchanged. There are simply more ways to connect the χ lines because of their Majorana character. Our arguments about the flavor structure of CP violating contributions are not affected, and the bounds on α f and M χ are unchanged.
If the Ξ x are Majorana fermions, our estimates are significantly affected. Generalized flavor is no longer conserved: there are no arrows on the Ξ lines. In particular, Higgs loops are no longer needed to obtain a non-zero θ. We find contributions proportional to K 2 12 , as defined in (22), from graphs like that shown in figure 8. 
This model remains viable, although α f must be quite small to suppress θ. Nonetheless we find it quite attractive because the coupling of the light neutrinos to the Majorana Ξs could produce the neutrino masses seemingly required to explain the recent evidence for oscillations of atmospheric neutrinos [6] .
Conclusions
Wolfenstein's original "superweak model" [1] introduces CP violation in an ad hoc fashion. We have reproduced the essential observable consequences of this model by means of a minimal addition to the standard model at a large mass scale. While the model we have described cannot be highly praised for its beauty, its simplicity is impressive. Other potential solutions to the strong CP problem have been proposed, such as a massless up quark or the Peccei-Quinn axion and its less visible variants. These solutions are more elegant than ours, but are phenomenologically challenged. The observable consequence of our solution is the absence of large CP violating phases in the Kobayashi-Maskawa matrix. Indeed, if such a model is correct, direct CP violation in the B-sector will be difficult if not impossible to detect and ongoing searches for a non-vanishing ǫ ′ parameter are bound to fail.
